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MMARY 


To date, it has not been clearly indicated how varying 
the area and perimeter over the span of an air cooled turbine 
blade will effect the spanwise blade temperature distribution, 
It is therefore the purpose of this experiment to make such an 
1aweetd ankien. The effect on the inside film heat trensfer co- 
efficient will also be investizated. 

Three test blades were used, one with constant area 
end perimeter over the blede span, and two with variously topered 
internal fins. Tests were made at gas temperatures of 800°F and 
1106°F, iaximum cooling air flow, Wa, was, Wa = .925 lbs/min. 
ixclusive of the leading and trailing edges of the blades, the 
cooling air was so arranged as to give a uniform temperature 
over the chord of the main body of the blade. This was true at 
all spanwise stations. 

The following conclusions were reeched: 

1. Varying the area and perimeter over the blade span 
did not affect the spanwise blade temperature distribution at 
zero cooling sir flow. As the cooling flow was increased, the 
spanwise blade temperature distribution from root to middle epen 
for ell test blades was essentially the same. From middle span 
to tip, the blades with less cooling surface showed 2 noticeable 


decrease in blade temperature reduction. 





ge. the ratio of inside to outside film heat transfer 
coefficient remained essentially independent of gas temperature 
2s well es changes in area and perimeter over the blade span. 

5. Over the range tested, the ratio of inside to 
outside film heat transfer coefficient increased linearally with 
the cooling air flow. 

This investigation was conducted in the Gas Turbine 
fest Cell of the Main Engines Laboratory of the Mechanical 
Engineering Department at the University of Minnesota, Minnes- 


polis, Minnesote. 
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INTHODUCTION 


Hoximum effort in the development of gas turbines is 
being exerted to improve specific power output, to reduce speci- 
fic fuel consumption and to increase reliability. The most 
promising field for the attainment of these objectives lies in 
increasing the turbine inlet temperature, At present uncooled 
goas-turbine-engine performance is limited because the tempera- 
ture at the turbine inlet cennot exceed about 2000°R, however 
existing hydrocarbon fuels can produce far higher temperatures, 
approximately 4000°R, 

An immediate means for solution of the foregoing pro- 
blem is turbine blade cooling. From a theoretical anslysis of 
the various methods of cooling turbine blades, Ref, 1, it has 
been found that sufficient improvements in the efficiency of gas 
turbine engines may be obtained through cooling the turbine 
blades to justify extensive research in turbine cooling, 

Boundary layer control, cooling the rim of the rotor, 
and cooling hollow blades internally with air or liquid offer 
possibilities of substantial increases in permissible gns tem- 
peratures, Cooling of the tip of the blade end coating the 
blade with ceramic have been relatively ineffective, Ref. 1, 
HAGA scientists heave expressed great faith however in the future 
of ceramel, a combination of ceramics and metals, as a blade 


material replacing present strategic materials, Hef. 2. 


4 comparison of the relative effectiveness of differ- 
ent methods of cooling show theoretically that the multiple fin 
air cooled blade provides a solution to the double objective to 
be obtained by operation at higher gas temperatures end use of 
non strategic materials, Ref. 3. In this connection UACA has 
suggested that packing the blade cooling cavity with small 
metal tubes brazed in plece would be a practical production 
nethod of getting equivalent increase in cooling area without 
complications of masseproducing internel blade fins, Ref. <2. 

To dete, investigators in making theoreticel analysis 
of spanwise temperature distribation in various types of air 
cooled blades have made the basic essumption that the variations 
in eres and perimeter are negligable over the blade span, Ref. oO. 
It has been pointed out by these same investigators that this 
assumption can ba eliminated only if numericel solutions sre 
determined. Calculations reveal that when the above factors 
are allowed to vary and numerical solutions are used, very little 
difference in the spanwise blade-temperature distribution results. 
However the same investigators stated that the blade temperature 
distribution is sensitive to selection of the average inside 
heat transfer coefficient which in turn is dependent upon the 
passage configuration, Ref. 3. Therefore the question as to 


how tapering the internal fins in a turbine blade will effect 








spenwise blede temperature distribution end inside heat transfer 
coefficient is not adequately answered in the theoretical analysis. 
Internally finned air cooled blading appears to offer 
greater possibilities for future use as compared to other blade 
configurations and methods of cooling. Tapering of turbine bledes 
to reduce high centrifugal stresses is of importance also. 
Therefore it is the purpose of this experiment to investigate 
how variously tapering the fins will affect the spanwise blade 
temperature distribution and inside film heat trensfer coefficient. 
This investigation was conducted in March 1952 by Li 
J. 5S. Laney USH in the Main Engines Laboratory of the Mechanical 
Engineering Department at the University of Minnesota, Minnea- 
polis, Minnesota. The euthor would like to express his appre- 
ciation to Dr. E, R, G, Eckert and Dr. N. A. Hell of the Depart- 
ment of Mechanical £ngineering for their advice and suggestions 


in the prosecution of this investigation. 








TEST BQUIPMERT 


The three test bledes used are in fact three test 
bodies that could be febricatec with some degree of fecility. 
They were also made large enough tc imbed thermocouples to the 
Cesired epanwise depth in the blade skin. Fig. i is a two view 
drewing showing the root end end plen view of ell blades. Fig. 2 
shows the sice view of each blade end indicates the manner in 
which the fins were tapered. Fig. 3 and Fig. 4 are photogrephs 
of the three test blades showing the root ends and tip ends with 
thermocouples imbeded. The blade body consists of two half sec- 
tions milled from mild steel. The leading es well as trailing 
edge were made from two, 1/8 inch, mild steel sectionsand a 
3/16 inch mild steel rod, ell welded into a "V" section. This 
assembly was then welded on to the two main helf sections. There 
ere twenty fins in each blede, .1 inch wide and spaced .05 inches 
epert. The blade chord is 4.4 inches and blade spen in the test 
section is 4,5 inches. 

A totel of eleven, 1/8 inch holes were drilled in the 
blede skin from root and tip end to three different spanwise 
levels in the blade. Fig. 5 shows the manner in which the holes 
were drilled and the thermocouples located. The thermocouples 


were made with 30 B&S page glass insulation, iron-constanten 








thermocouple wire. They were reed on s Leeds and Northrop 
Fotentiometer Indicator having a scale from 0-2000°F, Beaded 
junctions were mace by the arc method as outlined in Ref. 4. 

Tyo hole porcelain insulators ground to 1/8 inch size were used 
to insulate the wire inside the blade hole. The insulated ther- 
mocouples were imbeded in the blade itself with Sauereisen 
Forcelain Cement Number 29, 

Bach blade was fitted with a flange at the root end 
for securing to the top of the test section. The tip end of the 
blade fitted into an adapter plate in the bottom of the test 
section and was sealed with Seuereisen High Temperature Cement 
Number 1 to prevent any hot gas leaks, A cooling air entrance 
menifold 4 inches high and the same width and length as the test 
blade root was fitted over the root end of the blade with a 
matching flange. Cooling air entered the manifold through 3/8 
inch taps located at both ends of the manifold 1/2 inch from the 
top. The wires from the thermocouples were lead out two 1/8 
inch taps in the top of the manifold. These holes were slso 
sealed with Seuereisen High Temperature Cement Number 1 to pre- 
vent ony cooling air leaks. An exit cooling airmanifold was 
fitted over the tip end of the blade on the bottom of the test 
section, A 3/8 inch tap in the bottom of this manifold allowed 
the cooling air to escape over the beaded junction of a thermo- 


couple cemented on the outside surfece of the manifold. 
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Thermocouple wires were lead out in the seme manner es for the 
cooling air entrance manifold, 

The test section was made from 1/8 inch mild steel and 
was 18 inches long, 4.5 inches high and 3.5 inches wide. All 
bledes were located 9 inches downstream from the entrance he the 
test section. Gas temperature at various levels in the test 
section was measured 6 inches upstream of the test blade. ‘The 
temperature probe used, consisted of a 3/16 inch steel tube in 
which an insulated thermocouple was imbeded in Sauereisen Force. 
lain Cement Number 29, A radiation shield made of 3/8 inch copper- 
nickel tubing 1 1/8 inch long was phaced at the end of the probe 
to shield the beaded junction, Three static pressure taps were 
employed 2 1/2 inches upstream of the blade to measure test section 
stetic pressure. One tap was located on the top of the test sec- 
tion, and the other two taps on the side, A total pressure tube wes 
slso located 2 1/2 inches upstream of the blade to measure test 
section total pressure. All specifications for pressure measure- 
ments were complied with as outlined in Ref, 5. 

Fig. 6 is a photograph of the interior of the test cell 
and shows the test section and over all test setup. <A Lycoming 
Model 0.435-fT air cooled engine, rated at 162 HP at 2800 RPH, 
drove directly a 7.48:1 gear ratio centrifugal compressor from 
an Allison V-1710 sircraft engine, The air which was delivered 
by the compressor to a large menifold was ducted to the single 
combustion chamber of an Allison J 23-A-17 turbojet engine. The 


exhaust of this burner was connected directly to the test section. 





e 


A spark ignited acetylene flame was used to start the burner 
Giesel fuel sprey. 

Air flow to the burner was measured by an orifice 5.6 
inches in diameter, This orifice was placed in an 8 inch duct 
on the intake side of the engine driven compressor. Fressure 
differential across the orifice was measured by a water monometer 
at the control panel. <A thermocouple at the duct inlet measured 
burner sir inlet temperature. 

Number 1 Energee Ciesel fuel was supplied to the burner 
by en electrically driven eircraft fuel pump. Yeight flow was 
measured by 2 type 5A-60 fuel flowrator pleced in the line, 

4 compressed air line in the test cell supplied cooling 
air for the blede, and the rate of flow was measured by ea type 
5A~25 Fischer and Porter flowrator. A pressure gage and thermo- 
couple were pleced in the line to obtain data for converting 
reedings to weight flow. 

the control panel outside the test cell contained ell 
engine end burner controls as well as engine instruments, pres- 
sure gages, temperature selector switch, potentiometer indicater, 


end manometers. Fig. 7 is a photograph of the control panel. 
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TRSf PROCEDURE 


Prior to starting the jet burner, the engine end come 
pressor were warmed until oil temperatures reed adove 120°r, 

At about 1000 engine RPM the electric spark wes first turned on 
end then the acetylene jet was cut in. When the test section 
temperature ag indicated by the temperature prove registered a 
decided increase, the fuel was cut in. <A further rise in tem 
perature indicated the fuel had been ignited. uel pressure was 
then built up by the fuel control, and engine RPM increased si- 
multaneously until 2500 RPM and the desired gas temperature was 
reached, The acetylene and spark were shut off at about 600°F, 
411 runs were made at 2500 iF and only the fuel control was 
utilized to control the test section gas temperature. Cleening 
the fuel nozzle in the burner after each run enabled the operator 
to obtain very fine control over the gas tenuperature by control- 
ing the fuel flow. 

At gas temperatures of 800°F and 1100°F as measured 
by the gas temperature probe in the middle of the test section, 
the cooling air flow was varied end all instruments were read. 
Table I is a compilation of these readings for all three bledes. 
Great care wes exercised in making sure equilibrium conditions 
existed when readings were made. A plot of several blade 


temperatures versus time wes kept, and when successive temperatures 


-~ ii . 


indicated no change, readings were taken. Readiness leveled off 
in approximately three minutes, but a wait of five minutes was 
elweys registered, 

Prior to commencing test runs, all permanently in- 
stalled leads in the test cell leading into the control penel 
were disconnected and blown free of water and other foreign 
material. The cooling air flow flowretor was also calibrated in 
accordance with Nef. 6. Frior to each run all connections and 
leads were tested for leaks. Because of the inaccessiblity of 
the inside of the test section, it was impossible to check for 


leeks in connections at the test section, 
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ANALYSIS OF RESULTS 


& compilation of all test data can be found in Table I, 
Table II is a compilation of all reduced data. Results are 
shown graphically in Fig's, & to 21. 

#4. probe of the gas temperature in the test section at 
B00°F reference temperature, the temperature in the middle of 
the test section, revealed that the gas temperature of the test 
section 1/4 of the distence down from the top was about 26° less 
than 800°F, The ges temperature 3/4 of the distance down from 
the top and corresponding to the 3/4 span level was g¢reater than 
800°F by about 20°, Therefore it was felt that the temperature 
in the middie of the test section could be taken es the average 
value for the test section gas temperature, This difference 
in gas temperature in the test section could be attributed to 
uneven combustion or the manner in which the hot gases were ducted 
from the combustion chamber to the test section. Also the fact 
that more heat would be dissipated from the top of the test 
section than the bottom would account for part of it. An esti- 
mate of the emount of error to be expected in gas temperature 
measurement due to conduction losses in the probe revealed that 
as long as the probe remained over 3/4 inches from the test 


section wall the error would be within the allowable of = 98°F, 


calculation No. i(2). It was found that ss the probe approached 
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the wall the conduction losses became quite great. An estimate 
of the radiation loss from the beaded junction of the gas tem- 
pereture probe thermocouple to the test section walls, end the 
recdiation gain from the combustion fleme to the beed showed the 
net effect to be negligable, calculation No. 1(b). Never-the- 
less a radiation shield was installed on the probe to suard 
against any undue radiation effects, 

An effort was made in this investigation to obtein 
enough temperature readings, both spanwise and chordwise in the 
blade, to indicate trends and to serve as checks. For this rea- 
son chordwise temperatures at each spenwise station were teken on 
both sides of the blade, Fie. 5. Three spanwise levels were chosen 
at 1/4 span, 1/2 span and 3/4 span. Hach spanwise station had 
three temperatures and were loceted at approximately 1/4 chord, 
1/2 chord and approximately 3/4 chord, ‘This arrangement gave 
three separate determinations of spanwise temperature distribution 
in the mein body of the blade, The leading and trailing edge 
temperatures were only determined at the 1/2 spen level, ‘The ges 
temperature used as the reference temperature was obtained at this 
seme level also, even though a probe of the test section was made 
at each run, 

From the very nature of the design of the blade a come 
plicated cooling system would heve had to heve been devised 
to maintain a uniform temperature over the entire chord of the 
blade, Therefore for reproducibility of results, since the 


leading and trailing edge temperatures were not deemed varticu- 
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larly important in this investigation, the cooling air was 
arranged to give a constant temperature over the chord of the 
mein body of the blade, Considering the probable error, calcu- 
lation No. 2, Fig's. 8 to 13 show that this was essentially ob- 
tained at all spanwise levels for e11 cooling air flow rates. 
Fig's. 8 to 13 show the chordwise blade temperature distribution 
at the various spanwise levels at various cooling air flow rates. 

All blades at zero cooling air flow show similer trends. 
The 1/2 spanwise level has the highest temperature, the 3/4 span 
level is next and the 1/4 spen has the coolest temperatures, ‘This 
is as might be predicted. The flow of heat is from the middle to 
the outside ends of the blade where there are cooler surroundings 
end where more heat may be conducted awey. In each instance the 
chordwise temperature distribution of all blades at a given gos 
temperature end spanwise level is the same, 

“here are two reasons why the leading and trailing edge 
temperatures of 211 blades at zero cooling flow are higher than 
the main body temperetures. fPart is caused by the fact that 
there are no cooling fins neer the leading and trailing edge of 
the blede. Therefore less heat is conducted away from them. 
Another factor is the dynamic temperature increase at the lead- 
ing edge, Ref. 7. “hen the velocity is diminished to zero, such 


as at the leeding edge, the kinetic energy is transformed into 
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heet. In the boundary layer on the surface of the blade the 
velocity of the gases is diminished by frictional forces and 
its kinetic energy is also transformed into heat. However not 
as much of the kinetic energy is so transformed, Only a certain 
amount of the kinetic energy is recovered as against 100 percent 
recovery for a stagnation point. This recovery factor is de- 
pendent on the type of surface and the nature of the flow. ‘The 
over sll temperature increase, © , of the leading edge of the 
three test blades over the body of the blades was calculated to 
be, © = 5,67°F for a gas temperature of 800°F, and O = 6,96°F 
for a ges temperature of 1100°F, calculation No. 12. 

Examination of Fig's. 8 to 13 further show for each 
blade a uniform pattern of chordwise temperature distribution 
at various cooling air flews. In every case the 1/4 span level 
is cooled the greatest, the 1/2 span level is next and the 3/4 
span level is cooled the least. There is very little difference 
between the three blades in the chordwise temperature distri- 
bution at the 1/4 spanwise level. At the 1/2 span level, bledes 
2 and 3 with less cooling area start to show a decrease in blade 
temperature reduction and at the 3/4 span level blades 2 and 2 
have shown a very noticeable decrease in blade temperature re~ 
duetion. This is as might be predicted also, since with more 
cooling surfece more heat should be dissipated, 

Fig's. 14 to 16 show the blade temperature reduction 


scanwise in the blade et the three different chordwise locations 
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mentioned previously. Again it can be seen thet the blade 
temperature reduction at the 1/4 spen level is essentially the 
same in all three blades, However as the tip is approached, 
the blades with reduced fin ares, therefove less cooling <rec, 
show less end less blade temperature reduction. All three span- 
wise blade temperature grecients in each blade are practically 
identical and show that cooling conditions and blade temperature 
distribution throughout the main dvody of each blade were uniform, 

From Fig's. 14 to 16 it can be noticed thet there was 
a greeter blade temperature reduction at the higher gas tem. 
peratures, However e determination of the ratio of blade ten- 
perature reduction to gas temperature less cooling air entrance 
tenperature, D » reveals that the heat transfer coefficient, h, 
end the thermal conductivities, k, are essentially the same for 
cll gas temperatures, Fig's. 17 to 19. This agrees with both 
the heat trensfer theory anc the findings of other investigotors, 
Ref. 7. Considering the calculated probable error, the values 
for D at SO0°F and 1100°F show very close agreement. Again 
a check of ell three spanwise gradients in each blade show 
practically identical results, 

From the data obtained, a determination of the ratio 
of inside to outside film heat transfer coefficient was made 


by making a heat balance between the outside and inside of the 
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blade, calculation No, 8. In this equation e fin effective- 
ness factor was introduced, Ref. 8 and Ref. 7. This fin ef- 
fectiveness factor is a ratio of the heat actually dissipated 
by the fin to the heat that would be dissipated if the surface 
of the fin was at the same temperature as the base of the fin. 
This factor is necessary since the inside wall temperature was 
used for the heat belance and not the temperature of the fin. 
Fin effectiveness for all three blades was found to be very 
nearly equal to one, calculation No, 7. 

Since the middle blede wall temperatures only were 
recorded, it was necessary to make an estimate of the changse in 
tenperature across the blade wall so that the inside and outside 
wall temperatures could be determined for the heat balance e- 
quation, 

It was determined that the flow inside the blede wes 
laminar from 9 Reynold's Number calculation of the maximun 
cooling air flow through the blades, celculation No. 3, 

For an estimates of the inside heat transfer coefficient 
an expression involving = constant Nusselt's Number was utilized, 
Ref. 7, calculation No. 4. This expression was for fully deve- 
loped flow in the cooling air passage. Another expression which 
involved a variable Nusselt's Number and which applied for a 


flet plate boundary layer was also considered. However fron 
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celculations of the heat transfer coefficient using both equ 
tions it was determined that fully developed flow was being ob- 
tained, 

An estimate of the outside heat transfer coefficient 
was determined for flow of gases parallel to plane surfaces, 
Ref. &, calculation No. 5. With these two estimated heat trans- 
fer coefficients for the outside and inside of the blade, the 
blade temperature difference, 47 , was determined in eccordance 
with Ref. 7, calculation No. 6, and found to be, J7 = 2,02°F 
for cas temperature 800°F, and 4/7 = %,66°F for a gas tempers- 
ture of 1100°F, 

Fig. 20 is a plot of the ratio of inside to outside 
film heat transfer coefficient as finally determined by the 
heat balance equation, calculation Ho. 8. It is noted thet the 
ratio is essentially independent of ges temperature and binde 
configuration, therefore changes in perimeter or ares, over the 
blade span. It might be predicted thet the inside film heat 
transfer coefficient would be the same for blade i and 2, 

Blade i has no taper, end blade 2 has taper by reducing fin height 
at the tip. This would cause the cooling air flow to accelerate. 
Kowever since the flow inside the blades has been determined to 
be laminar, the heat transfer coefficient would be independent 


of this change in velocity. Blade 3 which hes en expending eir 
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cooling passage with reduced fin area presents somewhat different 
conditions, Here the flow might be predicted to separate and the 
heat transfer coefficient change. 

As the cooling air flow is increased, the retio of 
inside to outside film heat transfer coefficient incresses. 

Fig. 21, which is a cross plot of Fig. 20, reveals that over the 
range investigated, the ratio of inside to outside heat trensfer 
coefficient increases linesarally with the cooling air flow. 

All calculations of the ratio of inside to outside 
film heat transfer coefficient were meade for the 1/2 spenwise 
level. All blade dimensions and temperatures used were recorded 
for this same level also. 

From Fig. 20 it can be seen that at the highest cooling 
eir flow, blede 2 is shown to diverge from the average heat 
transfer coefficient ratio value as determined for the other 
bledes. “Sinee it fell in line at the lower cooling air flows, 
the only conclusion is that these are bad points and should be 
disregarded. This is most likely caused by the fact more cool- 


ing sir flow then was recorded was passing through the blades. 








CONCLUSIONS 


The following conclusions have been drewn from the 
results obtained from varying the ares and verimeter over the 
span of air cooled turbine blades. 

1, Varying the sree and perimeter over the blade 
spen did not effect the spanwise blade temperature distribution 
at zero cooling air flow. As the cooling air flow was increased, 
the spenwise blade temperature distribution from root to middie 
span for the three test blades remained essentially the sane, 
but from middle span to tip, the blades with less cooling sur- 
face, therefore reduced fin area, showed a noticeable decrease 
in blade temperature reduction. Blade i with straight fins proved 
to be the best blade from a cooling stand point. 

2. The ratio of inside to outside film heat trans- 
fer coefficient remained essentially independent of gas tempere- 
ture and changes in area end perimeter over the blade span, 

3. Over the range tested, the ratio of inside to 
outside film heat transfer coefficient increased linearally with 


the cooling air flow. 
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5 QIN P fe Ca lc ula Fions 


Q) Ae are of heat 455 OF ata, 40/7 ae ae Sem CMA PINE 
Probe by: (a) Ceritgacen, (by 
(A) Conduction a 
Assume: LZinside 4as Fem Perarare , 79> 00°F 
Test Secrrora Wall 7E 177 PE VOTIVE, Twy = POP 
fro Act 7 
©, 
2° ChmT af PE 
Where: 
GO, = Excess tern pe poature atend of rod, OF. 


@, = difference befweer gas ard wall tempera pure, of 
| = fergth of rod 17 feer 


A = Fr/m heat franster coeticieAl, B7y far ft KF 
C= carcumference of rod , tr. 
A = Cross sectional area chrod , Ff? 


4p = Jhermal conduc vi ty of 77a rerval BIA) fy fe SU Ef 


from Kef./0 
For Tur bulen? air flow across sing le rad 


ae pes mere (7/4 000SBt) 
De 
Where: 
G= mass velocrty through the naainum free area betwee7 
the rods, /b/pr ft 
a outside tube di anrerer, tt 
¢ = average arr fem pelariure, oF 
Calculation fir hollow steel tu be , snstde Narre tey = fa” 
outside diame ter = HW 
Ge £00°F 
6: 9°% (akuahle er ror) 
G = /65, 500 lb sf/ hrpP* using Mach Narn ber 17 Test Sechior, SLES 
D= .c/s6 FF 








a 


y= 250 E7US4r F717 


” (SS 
C= //00'F ! (16 5,500) [1 #000 576X700) ] 
A = (025) ee Ee 


(. o/ 56):7¢ 

A =O 6016S 77 - 

= "eq fr 
R= (275 B7U/he Hof Yes Cf emp ape) 
/7)= 80.3" ————— 

(2 s0)(7) 

= . cosh m/f 225° OO 5 
s * : ‘23)(649)(. 000/06 5) 
y77/ = 33 
{/ =,58F" 


Therefore Probe Should net be placed cleser thar? .6” from 
the test section wall te keep usthin fxhe allowable error cms 7K 
ZL (6) Radiation 
PROT ete 7 
2° RRA LCT, i) 60 fhe 

Where 

9, =r7eh hearexchange betwees7 fu surfaces, 

o = Stefa7~ Bo/tanrormn con fort’ 

ke = fac for to a/lou) for departure fron black boy - 

a= conti gucatror7 fac for 

A,=a@rea of s4hermocoupPle beadl, fA * 


Radio ti ¢ 1 EXC has7rjzeE bE ?WEELF rherrrocou ve bead ata wal/s 
of tes f Sec 4ror. 


> F3 

. (\*/#K.oor6) ‘ 
A 7 (bead Hhanefer=.c4") 
= /S6GR 
7, = / See 


Cass 
B= 029) BTU/hr (st) Q= (17440 0-8). 264) 3 Ot i) i 560) *{/ 360) | 








WhCOrEe 


i = 1@727/ 851V/ 4 cf Flame. 


-, ~ C/I SSIW Af of bea a, 

me = facfcr to allow For effective area of #her/Mocouple Lead. 
2 ae 

fe = 50 

ts sR OF 

(oe 

UF : 2960°R 

Iw 212 60°R 7 

Gs. 


0399 B7U/hr (added) g =(0790 7 PLAN aw Ys) Se [C9008 460)" | 


Net heat Joss From bead due #o 
(F2- @) = AA (AT) 


where 


radiation. 


hzfilr heat transfer cocthiciez?t calcula te of frrarr thew acress 
a rod, 


i. Z) = 4.00/03 B7U/fr 


= ee C1 /Artt* & 


A: WCCO) -42r 
‘aay , 


- : 7 a4 0 
Al= (fe F (added ) ar " (250) 1 (col cr 


@) Est n2a frost of fro ba Ele CKrOr. 


Fret feet./2 and F 
ee 

K=y KEG et, 

where 

R= Probable errov 


r= individual CrrcKs. 








for Lecds aad orth fA fp la re. IF iineter Lphicoger C13 of 

Error = (ay, <f rar jem 3 X<000)= 76 Sau 

as Pe ea 

ersornal erren /7 reads7g FempPera Pures GIA 7274/7; (2tt ba ting 
confto/s= 5° F 

Ca Bl: 5 a 


fee t 8 oF R= {ior+(syY 


|) Reynolds Number caleulaftrort fer Slow of cooh79 Qtr si side 
blades, Cakulatica fer Blade Lar Ai ghest rafe cf Coolt+79 
Jas flow, gas yempera ture = S0O%*F. 


OV io Sutherlands formu/a 


AX 
M= (37)Ki0" 23 a - 
Cz ders: ty air, /os sec*/¢47 
Ve ve (oer 7m ti/sec, 
AL VISCESIA YG | hs ec fig * 
ow = Ayd raul hunerer (applico ble for full levele fe of F Jovy 


T’* abgolute fem perature EX 








T': Ger9*h (average Coohng wr ferro ) | 
~ (37K 6) 73st eae 
4(=(.92 7)(r_-@) Jb sec ftp? ae (- ‘ ea / erat Ses! f 
Cz 0022 Ikes sect/ftT (nuF 17d 4.7 P10) 
/ = tees CG) = 27 
— = 9 thse 
“a Gemyioc yo2S) (sec 
Sy; = g (cuss sect ierna/ trea) | (4 }(.00 5025) 4 ’ 
peer sry e Fer . 270! - 76 ft 


Re = 2255 foe = Leora (27-4) 598) 
SS ie 271072) 


Deterniinatic’ of rasiuve tihn feat Jranis tel coe (Victent fi 
for ASE 1 le Fern7 119/174 blade wal Jer Periag ay € A fference 
araod £777 Gf fee 7 Tee JIE SS. 








Fron “Ket 7 
(Va = Lil = 3.79 (Ler fea My oe ve Joe d flew 177 
K [PASSAGE 
Where 
Ny = Miassel1s ManmbéF | 
te = therroal corrctic vi £4 of A'** = 6fee BI br ft LLP 
b= fi7 SPACING, FT » fo fF 


hp= RAS ETM be $2 |, » 70166 kel 


@ Oeteyminatosr of outside til heat #rarister cocthicie7?, 
ho, for use ia clefermining blade wall tempera til @ 
di fferemce. 
From Ket, J 


e, ® 
h, re (For flow cf? gases paralle/ py plane surfaces) — 


Whe re 

Vz VElOC:! ty 1? tt /hy = (727 )(3€00) SIA Ar 

Le lerrgth of hlade 117 {?# 3 4. 34> =,358f7 
Calcufati:n for FAs tem perature = fee 
Hach Number at blode | f1= sa i x 

y= /O2.2 BTU fh, Lf? © _ (72 73600 | 

‘ellie ‘ (830) (.358)4 


Determinator? of Femperature A tterence acposs blade 
wea/T. 


Frern Ref 7 
[ -~ 
—~ = = over all copfticient of transmission 
~ we fie 
hy” hk” he 
Where 


x= blade width (skin) t+ =.0/64 Ft 

Re therrral Cortduc Avi ty of na terial 

R (for y77i le stee/ at 8 50°F) [wer BTU/hr tt F/ tp 

h, arid A, Same as fer cakulaton @ard © r 
' 








Calculation for Gas temperature = //00 °F 
= 6.99 674 hy ft? F 





/ 
Gi = 
Gn ie #. (4-4) 798 e I ae 
ty &% 200°F - 
 =/7/00°7 7 


_ (6.949090) (0164) 


id). ‘ie eo 22.1 





ga SES a 


(7) Determination ot Fin fh ecHVelress , ty Blade 1 | 
Gas ten perature = //00 °F 
From Ref. 8 
7 tarrte 7 
Mp 3 ae ee 
Where 
A 
ve Ro 
ois Lin pe jsht i? : Bes /)2 = .¢/§75 ¢# 


fy = Sarr7é as for catculatics? @ = TO8 BT hy FL °F 
k = thermal corszducKhy ty of 707% CY 1 af 


Same as for calcalatios) (@ = L2,/ B7U/fAr Ft ee /ft 
Bae Sem Frit wtf 24 } oe ‘OF n 2) = 00806 aa 


f?= 1.239 


oa /I 0/8 75} ti 
pA 77> 235 : ae a 


“ = 77 23 
eee Ae 1239 


(8) De ferrrrinna tic of ra Fo of 11181 dé Fo gutside F397 


heat transter coe ftycr en 44, , From expevimenta/ 
da za. 











_ 








Pronjyaae 7 
Qo = 40 Ae (7% -Tan ) 
Q: = /7, Ad (7ai- Za ) 


Ay; is Ae (75 - Zuo) 
Pr A; hi Ta ) ie 

Where 

A,= *< tal outside wetted perimeter ok biade, t# 

Ais ote! insile wetted perimeter of ba de, £4 
7o = Gas se/7 Pera pure 

jaz Cooling Arr temperature, MT Te. 

Tw = Stegsuvéd blade wall Yemperafvure,avera ge. 
Iie = Lrasidfe Jal! Te pera Juve , = 7a 
Tivo = Outsile Wal/ femperarure, = 744 AT- 


Calcusatiora “s for Blade J y G&S Kee 1a Tu re = 100 ae 
Aighes? rave of cooly’ 


Q, ae 


7g are Flow USCS, 77/21 le Fhermocodp/e 
fe ve /. 

A.= . 77 Tut = 300° F 

A,- 201 FF Thy = 801.83 °F 

Jq= (100° F The = FIPEAT IE 


Jax %002°F p. 984 
a) ( ae W100 - %0' 3) 
hify, = 1895 t 


0 


en ei 





a 
/ho”~ (2.01) (.974) (798.17 - 206-5) 


@ Wer's AT Fh cf Coch? 4 Art Calezsfa Hens, 
feu rate Cgyu/a tion Fen ins AreMrregr IVIL L oc K 
2 {2 y Jan ys 
ROBE) a 8 
where 
Aa coofi.7q flow fa fe, me fev read /7q Fo cau ae 
Q) = COtree ted t few rote of cooling Qrhs 
f 
f, = 19.7 PSI (merer cal braficrr ) 
fA = Coolis7g ay pressure absclu FE, 
B= S60R(merer cahbration) 
= Cooling Air fale? Pe 71pperarure Sd 











Wa = Weight Sisco), of cooling ark atl f00F ard y¥, 7 PSIA 
C= Oemsrty ofarr =.027/ /bs fort? af [60°F asad 9.7 SIA 


Wa =(0)(Q, 3 4(y* lbs fran 
Cakulaton for Blade 1 axgas Aemperature 80°F 


74 = S36°R 
R= L/NO8 PSIQA 
Ge, = 7 ct 


Q waz £8 ctr 


j | 2/,08 \”A 
Wa =. 3973 /bs/miq |W = T38Q0CF 6 | : 





(0) Ourrver arr Flow cakeulations. 
Frrerm fRef. 6 


ur=. 668A, KE V0 dp /os/sec 


Ole -.5f, hws /6 4 
(fo s [see 
Where 


A, = cross sectional area of on Fric€ = 24.62 017° 


luyz werghT Flow of burller AlAs lbs /seEec. 

‘a / ' e 
Gar Oe TSi Ty ot ale LOS /£ Tt. 
Ap= pressudlé drop acress on tice, fasfy7 
Kee . Wh = frou CC ethicrersf” 
Eee are ah plier for therrmah EXLHTISI? af priinarg 
eleme7 I 


(P = balome#r:;¢ PISS Gre Crches of N7e1cuTLry ) 


hus = préssure Vrop across or: fice CAKES of wa ver) 

7 = _— ater pile? i Cn Pera ture oP 
Ca/leu/atiosrn Lor Gas rervoera fure = 002 

P= KL 22 /rches ct nercar : - —— 

Bw SG.5° rriches of wWarer 

T= SO8‘R 


w= 0-697 /bs /sec w= 2.52 (ELADCG 5) 
--———_—— SOS 








@, /Tach NMt/ 177 her Coal tf la 7 C7 
GCs aa LSEV277 4c Pie rés/a +1 OL? re 
ie ‘ee! 
i ae : i 
a (7 7 aie nt, ~ 
The noch ur ber, i OR On mC | F217 NACA TM 
Se ea Pref 14 (5s Baur Zo 


: | : 44 qQ175 ff PIESSULE 
i pe Aa Af) ver 


a TP77COS Fherr't eee S. 
R = ze a Séctis7 a Same < PPIESSUE, 
a = tes? Sec trot, 757 PLC SE A Me, 


Ait Ht ae ok tarred ceA47§ KA277 corre Fe of Ao ACC OC4/7 7 


for the “harrge ‘17 Fem perature 170/ x4 
C- leulatiosr ‘IF!’ Lege sts er 


She fae 


‘ YAS Hem per atare = 500° F 
(Is rot VEraAG e) = 26.975 Zeli®c ar SIIBICUTY abso/u te, 

Kt = ee ee Aes af SIP CVC At ahscluafte. 

AT =.9S8 Fron ables, ——— 
ay = 7? a Geol 


; : A a cS CTs 
aA (RT yx Crefor correcKor hock a [Ext 


= aS 
=(633)95G)—a 13 


Se ete 


Corfe C7 ty fest Sechion Vag A 





Calculation for 4 at blades, M079 MACA THM ISGZ., 
eal 7US | AGA TG 
A,= cross sectoral areq of test seckrorr ~ (2/5 (7 
CO eea tis 75 = 77" pee 
Fie ess see Hrona/ area of test sechererH blade = /2. 6 
A7h, = 6/3 
CG Geer For AA, “70/5 Ga Xa bles ) 





TB LDeferrn (7a torr ae AV IQITIIC Vern peraTuUre SCL CE Se 
at feadirg edge of blade cyer the wal of blade. 
Fr217? ©e ea 


Where 
e= SEM7?PErS pure VHCTCEQASE 177 OF, 





ce ve/ocs xy of si 1ISES/72 t/+/s¢ eC, 


S~= rEeCCVE » fac fe 7 7 Slow ula Sc a a Be /, 3 Be, i 


























